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ABSTRACT 



A method and system is described for electrically stimu- 
lating the auditory nerve with multiple channels of 
audio information. Audio information is transmitted 
from an external microphone to a speech processor 
through a single transcutaneous path to an implanted 
receiving device. Power is transmitted through a sec- 
ond transcutaneous path to power the implanted device. 

22 Claims, 6 Drawing Sheets 
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create enough pitch discrimination to simulate intelligi- 
MULTI-CHANNEL COCH LEAR IMPLANT ble speech. 

SYSTEM The number of channels in a cochlear implant system 

is limited by a number of factors. One limitation is the 
BACKGROUND OF THE INVENTION 5 number of electrodes. Implanted electrodes must be 
The present invention relates generally to a cochlear spaced a sufficient distance apart to prevent interaction 
implant auditory prosthesis, and particularly to a multi- between adjacent electrode contacts. Because of this, 
channel cochlear implant system which transmits current implants often employ bipolar electrode 
speech information and electrical power across separate contacts which provide a more localized pattern of 
transcutaneous paths. *° excitation. The size and shape of the cochlea also limits 

In recent years, a method has been developed for the number of electrodes which may be implanted, 
inducing the sensation of hearing in people suffering The numbers of channels in a cochlear implant sys- 
from sensory deafness. This meth od involves the direct tern is also limited by the method employed to transmit 
electrical exc itation of the auditory_nerve _endings jis- electrical signals across the skin. In present multi-chan- 
Efibuted along the 'basilar membrane of the cochlea of 13 nel cochlear implant systems, a separate transmitter/- 
the ear. The electrical stimulus is generated by an audi- receiver antenna pair is usually employed for transmit- 
tory prosthesis known as th e cochlear implant. jCoch- ting each communication channel. Thus, for example, in 
^ tear implants generally comprise at least one antenn a the article "The Functional Replacement of the Ear" 
'coil, a receive^ and an electrode. The antenna coil is referred to above, four transmitter/receiver antenna 
used to receive radio frequency transmitted signals 20 pairs are shown— one for each channel in the cochlear 
representing sould from : an external inductive coil as- implant design. While this approach is appropriate for 
sembly disposed over the implanted antenna coil. The cochlear implants with relatively few channels, this 
receiver then detects or demodulates the electrical sig- approach is difficult to implement for cochlear implants 
nal sent by the antenna coil This processed electrical employing six or more channels. This is because the size 
signal is then transmitted I to Jhe electrode which creates 25 Qf ^ ^ q ^ ^ Qn ^ number Qf 

an electrical field along the basilar membrane within the coils ^ can be attached on both sides of ^ ^ 
cochlea or otherwise distributes the processed signal s ^ 

along this membrane. Thus, it would be desirable to provide a multi-chan- 

c£?*2f? ^'^^^ 30 rtelcocmearimplantsystemwhic ^reouires few or even 
transmitter and the subcutaneous receiver of the coch- Jf <« ^nna/receiver pan- for transmmmg all of the 
lear implant. In these systems, one antenna coil receives channels of ^formation. A sigmficant problem, how- 
the radio frequency transmitted sound excitation signal. ever ' , m SU( * » s y stem / woul d be grease in the 
While in other cochlear implant designs, multiple com- complexity of the signal processing circuitry that would 
munication channels are established between the trans- 35 be «q«|red bv the ^planted receiver circuit This ere- 
mitter and the receiver. Multiple channel cochlear sys- ates dlfriculties due t0 ^ slze and P ower limitations on 
terns usually utilize one antenna coil for each of the the im P lanted device. The power required to drive both 
communication channels. ^ ^planted circuitry and the electrodes could neces- 

A further discussion of cochlear implants may be sitatc ^ 086 of 311 implanted battery. Such a battery is 
found in the following patents: U.S. Pat. No. 3,751,605, 40 undesirable because it requires additional space and 
issued on Aug. 7, 1973 to Robin P. Michelson; U.S. Pat. must replaced periodically. 
No. 3,752,939 issued on Aug. 14, 1973 to Melvin C. Moreover, supplying electrical power to the implant 
Bartz; U.S. Pat No. 4,495,917, issued on Jan. 29, 1985 to * difficult even in conventional implant designs. A 
Charles L. Byers; U.S. Pat. No. 4,400,590, issued Aug. relatively large amount of electrical power is required 
23, 1983 to Robin P. Michelson. Additional discussions 45 to drive the implanted electrodes. In conventional 
of cochlear implants may also be found in to following cochlear implants often both the audio signal and elec- 
publication: 'The Functional Replacement of the Ear" tnc&l power are transmitted across a single antenna coil 
by Gerald E, Loeb, Scientific American, Vol. 252, No. 2, pah"- While a wide bandwidth is necessary for effective 
dated 2/9/85, pp. 104-111; "Design and Fabrication of transmission of the audio signal, this results in large 
an Experimental Cochlear Prosthesis" by Gerald E. 50 power losses across the cutaneous layer. As a result, not 
Loeb, et aL May 1983, pp. 241-254, Medical and Biologi- much of the transmitted power is available to drive the 
cal Engineering and Computing. The above identified electrodes. This sometimes results in excessive drain on 
patents and publications are incorporated herein by the external battery worn by the user. It will be appreci- 
reference. ated that a narrow bandwidth signal would be more 

Multiple channel cochlear implant systems are be- 55 efficient for transmitting electrical power across the 
lieved to be preferable to single channel systems as a skin. Thus, it would be desirable to provide a multi- 
result of the place-pitch theory. In accordance with this channel cochlear implant system which transmits elec- 
theory, the pitch of the sound perceived when the coch- trical power across a separate antenna using a narrow 
lea is stimulated depends upon which portion of the bandwidth signal. 

basilar membrane within the cochlea is stimulated. 60 Besides improving pitch discrimination, having mul- 
When the base of the cochlea is stimulated, higher tiple channels allows greater flexibility in modifying the 
pitches are perceived. As the stimulus moves toward electrical stimulation to improve the perception of 
the apex of the cochlea,, the perceived pitch lowers. It speech in the patient This is because in some patients, 
will be appreciated that it is difficult for a single channel portions of the cochlea do not respond to electrical 
system to stimulate discrete protions of the cochlea and 65 stimulation. Also, malfunctions can occur which limit 
thereby stimulate the preception of different pitches. the functioning of a particular electrode. Thus, for ex- 
Indeed, some experiments have shown that a minimum ample, in a four channel implant system one or more 
of six separate channels of stimulation are necessary to channels may become non-functional. The conventional 
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It is also an objective of the present invention to 
provide a system which can transmit electrical power 
across the skin to an implanted circuit and to also adjust 
the frequency of the transmitted signal to optimize the 
efficiency of the power transmission. 

SUMMARY OF THE INVENTION 

In order to achieve the foregoing objectives, the 
present invention provides a multi-channel cochlear 
implant system which utilizes one external antenna coil 
to transmit multiple channels of speech/audio informa- 
tion and another external coil to transmit electrical 
power, ^lso _ojie_jnternal coil is used to receive the 
1<L - multiple channels of speech/audio information and an - 
other in ternal coil is used to receive electrical power. 
— Itrone embodiment according to the present inven- 
tion, speech/audio signals are converted into sixteen 
multiple channels of speech/audio data by a speech 



10 



approach in such a case would be to combine the audio 
signals from the non-functioning channel with the sig- 
nals for the functioning channel. In this way, the full 
audio spectrum is retained. This results, however, in a 
reduction in the number of discrete channels of stimula- 
tion to three or less. Thus, it would be desirable to 
provide a cochlear implant with a large number of elec- 
trodes so that a greater number of functioning elec- 
trodes remain if some of the electrodes become non- 
functional. 

Also, prior multiple channel cochlear implants have 
generally employed a fixed filtering and processing 
scheme to divide the full spectrum of audio frequencies 
into discrete channels to stimulate the individual mono- 
polar or bipolar electrodes. However, since a patients' 
response to cochlear implants may vary widely, some 
patients may achieve better results with monopolar 
instead of bipolar electrodes. This is because the nerve 

damage in some ^implant patients may ^differ in itsloca- ^^.T^^^^^^^i^ 

tion and seventy in comparison with other implant r , . , A , . _ . . , . , . , 
J r r amplitude modulated AC signal which is transmitted 

from the external coil across the skin to an internal coil. 

An internal envelope detector circuit then rectifies this 

AC signal. A synchronization detector circuit and a 



patients. 

Therefore, it would thus be desirable to provide a 
programmable multi-channel cochlear implant system 

in which various audio and auditory parameters can be . „ , 

easily optimized after the implant is in place. These 25 P hase comparator circuit adjust the delay of the recti- 
fied signal until the clock pulse of the internal and exter- 
nal circuits are synchronized. A ring counter circuit 
then sequentially directs the sixteen separate channels of 
data to sixteen driver circuits. The drivers amplify each 
signal before sending it to each of the implanted elec- 
trodes. 

In one embodiment of the present invention, to pro- 
vide the implant system with electrical power, a power 



parameters include changing from a monopolar to a 
bipolar electrode configuration, changing the content of 
each channel with respect to the frequency, changing 
the bandwidth and. phase of the signal, and compensat- 3Q 
ing for non-functioning electrodes. For example, a pro- 
grammable multi-channel implant would be able to 
manipulate the incoming signal to the implant in new 
ways. The patient then could be expected to achieve 




nal battery into an alternating current power signal. The 
frequency of this power signal is adjusted by a voltage 
controlled oscillator circuit which is controlled by a 
microprocessor. The microprocessor senses the electri- 



greater comprehension of speech than was previously 35 transmission circuit converts DC current from an exter- 

possible. An added benefit of such a system would be its — * «--~ — , * * ' — 1 

utility as a research tool to advance our understanding 
of the auditory system and thereby further the develop- 
ment of future auditory prosthesis systems. 

Accordingly, it is a principal objective of the present 40 cal current drawn from the battery and adjusts the fre 
invention to provide a multi-channel cochlear implant quency of the power signal to minimize this current, 
system which transmits multiple channels of audio in- xhi s process maximizes the efficiency of power trans- 
formation across a single wireless transcutaneous path mission across the skin. 

to produce intelligible perception of speech. It is also a Additional advantages and features of the present 

principal objective to provide a multiHchannel cochlear 45 mvention wi n become apparent from the detailed de- 



implant system which efficiently transmits electrical 
power to the implant across a separate wireless transcu- 
taneous path so that excessive current is not drawn from 
the external battery. 

It is another objective of the present invention to 
provide a portable cochlear implant system which has 
relatively low power requirements, and permits the 
transmission of speech information over a wide band- 
width and also permits the transmission of electrical 
power over a narrow bandwidth. 

It is also an object of the present invention to provide 
a programmable multi-channel cochlear implant system 
in which the audio information contained in each chan- 
nel can be easily altered after the implant is in place, to 



50 



55 



scription of the preferred embodiment which makes 
reference to the following set of drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a multi-channel cochlear 
implant system according to the present invention. 

FIG. 2 is a circuit diagram of the power transmitter 
circuit shown in FIG. 1. 

FIG. 3 is a circuit diagram of the power receiver 
circuit shown in FIG. 1. 

FIG. 4 is a circuit diagram of the speech signal trans- 
mitter shown in FIG. 1. 
FIG. 5a is a circuit diagram of the envelope detector 



tailor the electrical stimulation to the patient's individ- 60 ^ 18 sta S e auto-resettable ring counter shown in FIG. 
ual needs, and thereby optimize the comprehension of ** 
speech. 

It is an additional objective of the present invention 
to provide an implantable receiver circuit which can 
synchronize itself with the transmitted channels of 65 
speech data and also transmit these channels of data to 
individual implanted cochlear electrodes in a predeter- 
mined sequence. 



. FIG. 56 is a circuit diagram of the synchronization 
detector, phase comparator and voltage controlled os- 
cillator circuits shown in FIG. 1. 

FIG. 6 is a timing diagram of the phase and synchro- 
nization detector and delay signals. 

FIG. 7 is a timing diagram of the phase comparator 
and synchronization detector signals. 
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_ A „ „^ ^c^t^t^vi ^„ across the cutaneous layer 36 and is magnetically cou- 

DE I^^P^^^ I ^rJ HE Pled to an implanted antenna coil 38. However, other 

PREFERRED EMBODIMENT means of coupling the external circuitry with the im- 

Referring to FIG. 1, a block diagram of a cochlear planted circuitry may be employed in the appropri 

implant system 10 according to the present invention is 5 application, such a s infrared light, capacitance, electr o^ 

shown. The system includes an external module 12, magnetic or radio r^qu erxy^ ccjlpjpig. 

which may be worn by the person receiving the im- The implanted anteffifa coff38 is connected thro 

plant, and an implant module 14, which is surgically conductor 40 to an envelope detector 42 which rectifies 

implanted in the patient the AC speech/audio signal. In one embodiment ac- 

V The external module 12 includes a transducer 16 10 cording to the present invention, the rectified signal is 

twhich creates an electrical signal in response to an ex- sent along conductor 44 to an automatic gain control 

ternal audio stimulus. The audio stimulus may include (AGC) circuit 46. Such an automatic gain control cir- 

' various kinds of sounds including human speech. The cuit 46 may be employed to ensure that the signal ampli- 

transducer 16 is connected to a speech processor 18 by tude remains below a predetermined maximum value. 

i conductor 20. 15 The AGC circuit may also control the synchronization 

As will be appreciated by those skilled in the art, a level. The signal is then sent from the automatic gain 

speech or audio processor is a device which can create control circuit 46 to a set of. analog switches 48 and to 

multiple channels of speech or audio information in a sync detector circuit 50 by means of conductors 52 

response to an electrical signal from a microphone. and 54. 

Such speech processors are described in various prior 20 The sync detector circuit 50 senses the sync signals 

art cochlear implant systems. See, for example, U.S. present in the seventeenth and eighteenth channels of 

Pat. No. 4,400,590 issued on Aug. 23, 1983 to Robin R. speech/audio information transmitted to the implant 

Michelson. The output of the speech processor may module 14. The detected sync signal is then sent along 

consist of various channels of audio information. Each conductor 56 to a phase comparator 58 which is in a 

channel may contain a predetermined portion of the 25 loop configuration with a voltage controlled oscillator 

audio frequency spectrum. 60 and a ring counter 62 by means of conductors 64, 66 

In one embodiment according to the present inven- and 68. The ring counter 62 controls the flow of the 

tion, the speech processor 18 will have controls to allow multi-channel audio signal into analog switches 70. The 

the user to adjust the gain, volume and frequency range analog switches are each connected to one of the elec- 

of the signals. In this embodiment, it will also produce 30 trodes 72 through one of the current drivers 74. 

eight to sixteen channels of speech information. Speech The result of the above circuit is that the timing of the 

information is then fed to a microprocessor 22, through clock and sync pulses are adjusted until the internal and 

a conductor 24. The microprocessor 22 can be pro- external circuits of the cochlear implant 10 are synchro- 

grammed to control the operation of the speech proces- nized. This ensures that each of the analog switches 70 

sor 18 through a conductor 26 and thereby determine 35 is turned on at precisely the time that the audio signal 

the resulting sequence and content of each channel of for that channel is to be optimally transmitted to the 

speech information. appropriate electrode. 

In one embodiment according to the preseafcriftvenr Before the audio signal is sent to the proper electrode, 

tic^ihespeech processor 18 contaiiisCananalog to) it should be current amplified with an estimated compli- 

ugkal converter. It is necessary that analoglnTbTniation 40 ance voltage of between ±15 to ±20. This amplifica- 

be^cenyertefl into digital information before the micro- tion is performed by one or more of the current drivers 

processor can manipulate this signal. In another em- 74. The voltage supplied to the current drivers 74 is 

bodiment, the microprocessor 22 may also contain a provided from a power receiver circuit 78 and to the 

\J speech processor so that both functions are performed rest of the receiver circuitry. 

v C\ , Y by a single device. 45 Electrical power for the implant system 10 originates 
Multiple channels of digital speech information are at a battery 82 which is contained in the externa] mod- 
J^Tw^ then fed from the microprocessor 22 into an information ule 12. The battery 82 is connected to a current sensor 
? \ transmitter circuit 28 through a conductor 30. The in- 84 and to a power transmitter circuit 86 by means of 
formation transmitter circuit 28 converts the digital two conductors 88 and 90. The current sensor 84 is 
t^^signal back into an analog signal and then converts this 50 coupled to the microprocessor 22 by means of conduc- 
\jmalog signal into a wide bandwidth amplitude modu- tor 85. The microprocessor 22 responds to the current 
Nated sine wave signal. This signal is then sent along a measured by the current sensor 84, and sends a signal 
conductor 32 to a signal antenna coil 34. In one embodi- along conductor 92 which detects the power transmit- 
ment according to the present invention, this signal ter 86 to raise or lower the frequency of a power trans- 
contains clock and synchronization (synch) pulses. The 55 mission signal to the implant module 14. In this way, the 
sync pulse occurs during every seventeenth and eigh- current drawn from the battery is minimized because 
teenth clock cycle; during this time no information is the efficiency of the power transmission is optimized, 
being sent. Audio information is sent during approxi- The power transmitter 86 generates a narrow band- 
mately fifty percent of each of the clock cycles, one width signal which is then transmitted to a power an- 
through sixteen. This duty cycle may be varied, but the 60 tenna coil 94 along conductor 96. The power antenna 
fifty percent value is preferred since it rnmimizes cross- coil 94 then transmits this signal across the cutaneous 
talk between channels while still achieving a desired layer 36 to the implanted power antenna coil 76. 
band width. While this embodiment employs an analog Referring to FIG. 2, a schematic diagram of the 
signal for transcutaneous transmission, it should be ap- power transmitter circuit 86 for the cochlear implant 
preciated that other types of signals may be employed in 65 system 10 is shown. Generally, this circuit 86 converts 
the appropriate application. electrical current from the battery 82 into a periodically 
In accordance with the method of the present inven- varying signal, such as a sinusoidal signal, that is trans- 
tion, the signal is then transmitted by the antenna coil 34 mined across the cutaneous layer 36 by antenna 94. 
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While a sinusoidal signal is preferred, it will be appreci- frequency of the voltage controlled oscillator 106 can 

ated that other types of pulse or periodic signals could be set by adjusting potentiometer Rt2. Rtl establishes 

be used. It is also preferred that this circuit be a high Q, the mnximum frequency. 

low bandwidth design to ensure an efficient transmis- The current that results from both current mirrors is 

sion of electrical rx>wer. Jrorexam ple, a bandwidth o f 5 fed along conductor 110 to a circuit comprising CMOS 

^30^50 KHz with a center frequenffi uf 1-^™"^™*y hp switches Ul, U2, U3 and U4. This circuit directs cur- 

usetJ^This Wul minimize the current drain on the bat- rent into or out of capacitor CI. The level of the result- 

itiy 82: — — — — ing discharge on capacitor CI drives inverters U5 and 

In one embodiment according to the present inven- U6 high or low. The output of these inverters U5 and 

tion, power transmission is optimized by adjusting the 10 U6 are connected to a flip flop circuit formed by NOR 

frequency of the periodically varying power signal until ga tes U7, U8, U9 and U10. The output of NOR gates U9 

a minimum amount of power is consumed. This is ac- ^ U10 is connected to the CMOS switches and also to 

complished by adjusting the frequency of the power apulse generator 108 by two conductors labeled elk and 

signal until it matches the resonant frequency of the clk . The elk and cDc signals are square waves with a fifty 

external antenna 94. The optimization is achieved by a 15 percent duty cycle. Due to the function of the voltage 

circuit comprising the current sensor 84, the micro- controlled oscillator 106, these signals will have a fre- 

processor 22 and the power transmitter 86. The current qucncy that is proportional to the analog output of D to 

sensor 84 includes a resistor Rl which is connected converter 104. 

electrically in series with the battery 82 The voltage 0veral]> ^ optimization of ^ power transmission is 

T^^"^ 1 ?^^ 0 ^^ 20 thieved as follows. When the current drain on the 
amplifier 102 The output of the differential amplifier b g2 ^ voltage across resistor R1 k . 

102 is then fed to the microprocessor ^ which maybe, creases> ^ microprocessor 2 2 and voltage controUed 

for example, a Motorola 6C6705 or MC68HC11. This osciUfltor lQ6 ^ * minimize ^ ^ At 

microprocessor has an analog to digital converter built ;„*<™ 0 io »u a n,;^^,^, ->? „,;n 
into it and could be used for the microprocessor 22 of 25 P^etermm^ intervals, the i microprocessor 22 will 

FIG 1 H increment the D to A converter 104 which causes the 

The output of the differential amplifier 102 is con- ^^^^^^ (VCO) 140 to increase the 

verted into a digitized signal by the A/D converter in freq ^f y at which ^ ^T* * * 0SclUatm S- ^ *** 

microprocessor 22. The output from the microproces- result * P ower 8°? u * the microprocessor 22 will 

sor is connected to the power transmitter circuit 86. 30 ^ m mc ?™ m ^ e volta * e ^ f 8 *** R1 

The power transmitter circuit 86 generally comprises a decrement the D to A converter 104 and the frequency 

digital to analog (D to A) converter 104, a voltage ^ * X ™ GTe ± lowe f P° wer dram °° the 

controUed oscillator 106 and a pulse generator 108. The ba * e ? 82 ^ the optimum frequency is crossed, at 

output from the power transmitter circuit 86 is con- whlch ^ the urease in power will cause the micro- 

nected to the power antenna 94. As a result, the power 35 Processor to increment the D to A converter 104 until 

antenna 94 will oscillate at a predetermined frequency. ^ op*" 11 ™ frequency is again reached. A computer 

The digital output from the microprocessor 22 is program which performs this optimization is set forth in 

connected to the D to A converter 104 in the power Table I. 

transmitter circuit 86. The analog output of the D to A As discussed above, tiie VCO 106 provides output 

converter 104 is fed to the input of the voltage con- 40 signals labeled elk and elk. These signals are then fed to 

trolled oscillator 106. It will be appreciated that a volt- a generator 108 which is comprised of three pairs 

age controlled oscillator is an oscillator in which the of inverting amplifiers Ull, U12, U13, U14, U15 and 

frequency of its output signal is controlled by the volt- U16 tw° of NAND gates U17, U18, U19 and 

age of its input signal. U20. These NAND gates are arranged in an RS type 

The voltage controlled oscillator circuit 106 gener- 45 flip-flop configuration. This circuit is then connected to 

ally comprises transistors Ql and Ql, a pair of current tw0 transistors, Qll and Q12 which may be CMOS 

mirrors comprising transistors Q3, Q4, Q5, Q6 and tran- tv P e transistors. 

sistors Q7, Q8, Q9 and Q10, CMOS switches Ul, U2, The resulting signals out of the flip-flop are short . 

U3, and U4> capacitor CI, a pair of inverters US and U6 pulses of a duration equal to the delay through the 

and NOR gates U7, U8, U9 and U10. The output of the 50 NAND gates. Depending on the state of the NAND 

D to A converter 104 is connected to the base of transis- gates, one of the two transistors Qll or Q12 will turn 

tor Ql. Thus, transistor Ql establishes a current which on. These transistors are then coupled to the antenna 

is proportional to the analog output of the D to A con- coil 94. Impedance matching transformers 107 and 109 

verter. The emitter of transistor Ql is connected to are connected between transistors Qll ans Q12 and 

ground through potentiometer Rtl. The upper fre- 55 antenna 94, forming an impedance matching network, 

quency limit of the voltage controlled oscillator 106 is The purpose of this network is to match the impedance 

established by adjusting potentiometer Rtl which limits of the external antenna 94 with the impedance of the 

the current flow through transistor Ql. This current is internal antenna 76. The DC current from the battery 82 

then amplified by a current mirror comprising transis- is also fed to the antenna coil 94 along conductor 90 and 

tors Q3, Q4, QS and Q6. 60 through an inductor 11. Capacitor C2 is connected 

The resulting amplified current is added to a biased across oil 94. The result is that the DC current from the 

current that has been amplified by a second current battery 82 is converted into a sinusoidal voltage for 

mirror comprising transistors Q7, Q8, Q9 and Q10. The transmission to the implant module 14. 

collector of transistor Q2 is connected to this second Referring now to FIG. 3, a schematic diagram of the 

current mirror. Potentiometer Rt2 is connected be- 65 power receiver and AC to DC converter circuit 78 for 

tween the emitter of transistor Q2 and ground. Potenti- the cochlear implant system 10 is shown. Generally, the 

ometer Rt2 determines the total current established by AC power signal from antenna coil 94 is transmitted 

the second current mirror. As a result, the minimum through the cutaneous layer 36 by antenna coil 94. This 
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signal is received by the receiving power antenna coil 
76 which is implanted subcutaneously. 

Power antenna coil 76 is connected to the power 
receiver and AC to DC converter circuit 78. This cir- 
cuit comprises capacitor C12, which is connected 
across both ends of the antenna coil 76, and transformer 
112. Resistor R17 connected across the output of impe- 
dance matching network 112. This output feeds an AC 
to DC converter 113 which is then used to power the 
rest of the circuits in the implant module 14 l 

Referring to FIG. 4, a schematic diagram of the infor- 
mation transmitter circuit 28 for the cochlear implant 
system 10 is shown. In one embodiment according to 
the present invention, the information transmitter cir- 
cuit 28 receives multiple channels of digital speech 15 
signals from the microprocessor 22 and converts these 
signals into an amplitude modulated sine wave signal* 
This signal is then transmitted to the speech signal an- 
tenna coil 34. 

More particularly, an eight bit digital speech signal is 20 
received from the microprocessor 22 by a digital to 
analog converter 114. As will be appreciated, a digital 
to analog converter generates an analog output which 
corresponds to the eight bit command word it receives 
from the microprocessor 22. 25 

The output of the digital to analog converter 114 is 
transmitted through an op amp driver U53 to a current 
adjustment circuit, which includes an emitter follower 
buffer circuit 118, a Wilson current mirror 120, an de- 
coupling capacitors C 13 and C14. The emitter follower 30 
buffer circuit 120 comprises transistor Q13, resistors 
R18 and R19, and potentiometer Rt4. Resistor R19 and 
potentiometer Rt4 establish the amount of current that 
will pass ultimately out of the current mirror circuit 120 
to a differential transistor pair Q14 and Q15. This cur- 35 
rent level will then determine the amplitude level that 
the antenna coil 34 will be driven with. 

Current mirror circuit 120 comprises transistors Q16, 
Q17, Q18 and Q19. This circuit amplified the current 
coming from the emitter follower circuit 118 by a factor 40 
of three. This amplification is advantageous at this point 
because it prevents excessive drain on the battery which 
would otherwise occur if the speech signal was ampli- 
fied during earlier processing. 

The voltage source for the current mirror is provided 45 
by operational amplifier U51. This voltage is adjusted 
by potentiometer Rt5. This adjustment ensures that this 
voltage level matches the characteristics of the digital 
to analog converter 114 so that the resultant wave forms 
are symmetric. This circuit establishes the carrier signal. 50 

The amplified speech signal is sent from the current 
mirror to the differential transistor pair Q14 and Q15 
and is then combined with the square wave carrier 
signal labeled "f carrier" . This carrier preferably has a 
frequency which is not near the p ower transmission 55 
\ fr equency, such as 10 MH z. TKiTiTthe center frequency 
~ofthe double side band amplitude modulated signal that 
is transmitted across the skin. Transistors Q14 and Q15 
are alternately switched by this carrier. While each 
transistor is on, current comes out of the current mirror 60 
and flows through the transistor. The resulting speech 
signal has the form of a square wave current which is 
then fed to the antenna coil 34. 

Capacitors C23 and resistor R17 are connected elec- 
trically in parallel with antenna coil 34 forming a tank 65 
filter circuit The purpose of the tank filter circuit is to 
convert the square wave current signal into a sinusoidal 
voltage signal. A sinusoidal signal is preferred to reduce 



the amount of electromagnetic interference that this 
transmitted signal will emit. In this regard, a 10 MHz 
square wave will emit more interference because of its 
higher harmonics than will a 10 MHz sinusoidal wave. 
The resulting signal is a 10 MHz signal with a relatively 
wide bandwidth of about 5 MHz. It will be appreciated 
that other suitable band widths may be provided, recog- 
nizing that the bandwidth is a function of the numberof^ 
channels and of the baseband sp ectrum fo 
.nel. 

.eferring to FIG. 5a, a schematic diagram of the 
envelope detector circuit 42 for the cochlear implant 
system 10 is shown. In general, this circuit demodulates 
the AM signal that is transmitted across the skin by 
antenna coil 34 and received by antenna coil 38. In one 
embodiment according to the present invention, one 
side of antenna coil 38 is coupled to the base of transis- 
tor Q20 while the other side is coupled to the base of 
transistor Q21. Transistors Q20 and Q21 form a differ- 
ential pair. During the positive half of this incoming AC 
speech signal, transistor Q20 turns on and transistor Q21 
is off. Thus, transistor Q20 looks like an emitter/fol- 
lower in that the voltage present at its base is also pres- 
ent at the emitter. The output signal of the envelope 
detector circuit 42 is transmitted to both the synchroni- 
zation detector circuit 50, and to the analog switches 70 
which are ultimately connected to the electrodes 72. An 
automatic gain control circuit 46 shown in FIG. 1 may 
be employed between the envelope detector output and 
the analog switch to limit the amplitude of the speech 
signal, and to establish a proper signal level for the sync 
detector. 

During the negative portion of the incoming AC 
signal, transistor Q21 turns on and transistor Q20 is off, 
providing a high impedance load. Current from the coil 
38 then flows through transistor. Q21 and this signal is 
then transmitted out of the envelope detector. The re- 
sult is that a fully rectified replication of the transmitted 
signal is sent to both the synchronization detector cir- 
cuit 50 and the analog switches 70. 

It should be understood that other circuits such as a 
diode bridge could be used for the envelope detector. 
However, the advantage of this circuit is that it can 
handle wideband voltages as low as 15 mv, for example. 

Before this rectified speech signal can be used to 
drive the electrodes, it must be synchronized with the 
transmitted signal. In this regard, it is important that the 
synchonization circuits avoid introducing a delay be- 
tween the actual sync signal and the sync detected out- 
put. Such a delay can result in cross-talk between chan- 
nels. Further, to have an instantaneous sync detection 
capability would normally require a large amount of 
current. Such currents are undesirable in an implanted 
circuit such as this where power consumption should be 
minimized* 

Referring now to both FIGS. 5a and 56, the synchro- 
nization detector circuitry is shown. In one embodiment 
according to the present invention, this, circuit is com- 
prised of the delay network 50, the phase comparator 
58, the voltage controlled oscillator 60, and the ring 
counter 62. 

In general, the goal of the sync detector circuit is to 
detect the sync pulse without a delay and without large 
currents. The received speech signal is comprised of a 
number of information channels plus two synchroniza- 
tion channels. The first sixteen channels are information 
channels and the seventeenth and eighteenth channels 
contain the sync pulse. The sync pulse begins on the 
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rising edge of the seventeenth clock cycle and continues message signal or transistor Q26 will turn on before the 

until the falling edge of the eighteenth clock cycle. The next sync pulse. 

object of this circuit is to use information from the This saw-tooth wave is then converted into a square 

seventeenth and eighteenth clock cycles to determine wave by the delay network 50. The sync detection 

where the eighteenth clock cycle should actually begin. 5 output is also delayed according to the proper tuning 

The first stage of the sync detector is fed by the relationships determined by the delay network. The 

speech signal output from the envelope detector 42. purpose of the delay network 50 is to establish the 

The sync detector first determines where the beginning proper synchronization relationships of the overall cir- 

of the synchronization cycle occurs. It then feeds a cuit The delay network 50 does this by requiring that 

delay network 50 which squares up the sync detector 1( > integrated output of analog channel seventeen is 

output and also delays that output according to the e( l ual to Ac integrated output of channel eighteen. This 

proper timing relationships which are determined else- occurence can only exist if the exact tuning relation- 

where in the circuitry. The sync detector output is a shi P s exist between the recovered seventeenth and eigh- 

delayed square wave pulse that feeds one of the inputs teenth clock cycles md the signal coming out of the 

to the phase comparator 58. The other input to the 15 envelope detector 

phase comparator is the eighteenth channel output of Referring to FIGS. 5a and 56, analog switch U22 is 

the ring counter 62. switched on during the seventeenth recovered clock 

This ring counter « is an eighteen stage ring counter. c V cle - ™» envelope detector output to flow 

The first sixteen channels are used to control the analog ,„ conductor 52 to analog switch U22 and then 

switchesTOwhichfeedtherecoveredaudioinfonnation 20 «? d . uc * or 69 '° «>f transistors 

to the current drivers. Channels seventeen and eighteen P 28 9 2 ' w the delay network SO. Li a sinular fash- 

of the ring counter 62 are used to drive analog switches ion dunng the <^hteenth recovered clock half cycle, 

U21 and U22 which feed, by means of conductor pair 18 °° ^ "te envelope detec- 

^ A , , . . , ' ; ,. a\ tor output is fed along conductor 69 pair to the bases of 

69, a balancing network used in the sync detector delay 2J Q30 md fa 

Thus, during the seventeenth clock half cycle, tran- 
is fed back mto the phase comparator 58 on conductor ^ Q2g ^ Qn ^ ft amgA j flows 

68 The ring counter 62 * driven by the voltagccon- through transistor Q2 , MsQ j is current ^ 

trailed oscillator 60 through conductor 66. The VCO 60 rored ^ h transistors Q32 ^ Q33 . ^ ^sults fa a 

"walks" the eighteenth clock cycle output of the nng 3Q charge m ^^0, C 25. During this time, current I 18 is 

counter 62 to the recovered sync signal. This establishes zero becaus^og switch U21 is off and no current is 

the proper clock relationship. flowing to transistors Q30 and Q31. 

In general, the proper synchronization relationship is During the recovered eighteenth clock half cycle 

then determined by the requirement that the integrated transistors Q30 and Q31 are being fed the information 

output of channel seventeen equals the integrated out- 35 from ^ envelope detector. A current proportional to 

put of channel eighteen. This relationship is determined ^ vo i tage ^ mirrored into transistor Q31. Now, tran- 

by the delay network 50. The delay is determined by the sistor q 2 9 y^u have zero current flowing through it 

relationship between the recovered sync signal and the because there is no voltage being supplied to transistor 

recovered clock signal. The feedback is such that a Current I» will then be fed from capacitor C25 

nulling effect will occur and the proper phase delay will ^ discharging this capacitor. 

result at the sync output . t . The result of this signal cycling during the recovered 

Referring now to FIG. 6, a timing diagram of various c j ock seventeen and eighteen, is that capacitor 

synchronization signals 124-134 is shown. The transmit- Q5 is charged and discharged with a net voltage that is 

ted signal 124 includes a synchronization pulse which proportional to the imbalance of the circuit. This imbal- 

begins at the leading edge of the seventeenth clock 45 ance is proportional to the skew between the recovered 

pulse in the clock cycle 126 and lasts until the end of the seventeenth and eighteenth clock cycles and the enve- 

eighteenth clock pulse. This sync pulse has an ampli- j 0 p e detector's synchronization cycle. This net voltage 

tudeof 200 mv which is preferably set at three hundred 0 n capacitor C25 is then used to establish a current 

percent of the maximum modulation level for the audio through transistor Q34. This current is then mirrored 

information signals. It should be understood that other 50 through transistor Q35 and Q36 and down into transis- 

appropriate ratios could be incorporated, such as a zero tor Q37. Transistor Q37 is then current mirrored 

amplitude sync pulse. through transistors Q38, Q39, Q40, Q41 and fed into the 

Referring again to FIG. 5b, the output signal 128 of emitter lines of transistors Q42 and Q43. 

the envelope detector 42 is fed to the base of transistor Therefore, the current labeled I* is proportional to 

Q26 along conductor 44. Capacitor C24 is connected to 55 the imbalance between the seventeenth and eighteenth 

the emitter of transistor Q26. This forms a peak detector recovered clock cycles and the envelope detector's 

circuit When the synchronization pulse begins, transis- sync signal levels. Eventually Ijt will adjust the amount 

tor Q26 turns on and capacitor C24 charges up to the of speech signal delay through transistors Q44, Q45, 

level of the sync pulse. When the sync pulse ends, tran- Q42 and Q43 which will result in a delay of the square 

sistor Q26 will turn off until the next pulse turns it on 60 wave pulse out of inverter 421. This pulse is labeled 132 

again. Transistor Q27 functions as a constant current in FIG. 6. 

source, and is connected across capacitor C24 to pull As discussed above in connection with the sync de- 
current out of capacitor C24 at a constant rate. The tector circuit, the sync signal, which looks like a saw- 
resulting linear decreasing current will continue until toothed wave form, is fed from the sync detector circuit 
the next sync signal occurs. The total decrease in the 65 into transistors Q42 and Q43. The positive edge of this 
voltage across capacitor C24 will be 200 mv. This re- waveform occurs at the beginning of the sync signal and 
suits in the saw-tooth wave 130, shown in FIG. 6. The the ramp portion lasts the entire length of time between 
sync signal must be 200 mv greater than the maximum successive sync signals. This waveform is labeled 130 
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on FIG. 6. Transistors Q42 and Q43 arc equally biased signal from the phase comparator 58 to vary the fre- 
by transistors Q46 and Q47 so that approximately equal quency of its output signal. In one embodiment accord- 
levels of current are fed through transistors Q42 and ing to the present invention, the voltage controlled 
Q43 when no sync signal is present oscillator circuit 60 includes transistor Q49 which is 

Capacitor C27, in conjunction with resistor R36 5 connected at is base to the phase comparator 58 by 
serves as a high pass filter to create a pulse instead of a conductor 64. Transistor Q49 establishes a current pro- 
saw-toothed wave form at the base of transistor Q42. portional to the phase error voltage on capacitor C31. 
That pulse will turn transistor Q42 on and transistor That current is then amplified by a current mirror con- 
Q43 off. Current I* will be proportional to the phase sisting of transistors Q50, Q51, Q52 and Q53. 
skew between channels seventeen and eighteen. 10 The resulting current is added to a biased current that 

Since there is no current through transistor Q43, has been amplified by a second current mirror compris- 

there is no current through transistors Q44 and Q45, and ing transistors Q54, Q55, Q56 and Q57. Resistor R58 is 

all the current through transistor Q42 is used to dis- connected between the emitter of transistor Q58 and a 

charge capacitor C28. This capacitor is labeled optional nominal five volt supply. The collector of transistor 

because it is possible that the parasitic capacitance of IS Q58 is connected to the collector of transistor Q57. The 

inverter U21 can serve as that capacitance level. When value of resistor R58 will thus determine the total cur- 

the voltage across capacitor C28 goes below a defined rent established by transistors Q54, Q55, Q56 and Q57. 

threshold level of inverter U21, the inverter output This, in turn, will determine the ininimum frequency of 

turns on. When the sync pulse goes away, transistor . the voltage controlled oscillator 60. 

Q43 turns on and current Ijt is routed through transistors 20 • Likewise, potentiometer Rt6 will determine the 

Q43 and Q45 which is then current mirrored into tran- amount of current flowing though transistor Q49 and 

sistor Q44 This will have the effect of charging capaci- will establish the upper frequency of the VCO 60. In 

tor C28 back up. this embodiment of the invention, resistor R58 and po- 

It should be noted that the important aspect of this tentiometer Rt6 may be laser trimmed to establish these 
circuit is the turn-on time of inverter U21, not the turn- 25 limits. The resulting current is then routed to a circuit 
off time. Only the positive edge of the inverter U21 comprising CMOS switches U36, U37, U38 and U39. 
output waveform is used. The result is a signal that is This circuit is switched on to steer current into or out of 
detected at the beginning of the sync signal and is de- optional capacitor C29. Capacitor C29 is optional be- 
layed a proportional amount as determined by the phase cause in this embodiment of the invention CMOS cir- 
delay network. As described above, this delay is based 30 cuits are used and the inherent parasitic capacitance of 
upon the relationship between the recovered sync sig- this circuit performs the function of capacitor C29. If f 
nal and recovered clock signals seventeen and eighteen. for instance, high speed CMOS circuits were employed, 
Thus, the feedback is such that a nulling effect will instead of 4000 Series CMOS circuits, an actual capaci- 
occur and the proper phase delay will result at the sync tor would be used for capacitor C29. In the embodiment 
output. 35 shown, each of the analog switches are preferably 

This delayed pulse is fed into the phase comparator MC14O07 CMOS switches. 
58 by conductor 56. The. eighteenth clock cycle of the It is the level of the resulting discharge on capacitor 
ring counter 62 is also fed into this circuit through con- C29 which drives inverters U40 and U41 high or low. 
ductor 68. In general, the phase comparator compares NOR gates U42, U43, U44 and U45, in a flip-flop ar- 
these two pulses to determine whether or not the clock 40 rangement are connected to the output of inverters U40 
is running too fast or too slow or is just right. Referring and U41. The effect of the flop-flop circuit will be to 
to FIG. 7, if the channel eighteen clock cycle 138 is too lock a particular phase of the recovered clock and to 
slow compared to the sync signal 136, the slow signal feed that signal back to the CMOS switches U36, U37, 
140 will be in the low state for longer than the sync U38, U39. The output of NOR gate U45 is then fed to 
cycle and capacitor C31 will become charged. If the 45 the ring counter 60 through conductor 66. 
channel eighteen clock is too fast, the fast signal will be Referring to FIG. 5a, ring counter 62 is shown. This 
in the high state for longer than the sync pulse and is an eighteen stage ring counter that is used as a down 
capacitor C31 will be discharged. If the timing is equal, counter for the phase comparator network 58. It is also 
both slow and fast signals are on only during the sync used for driving the analog switches 70. As will be 
pulse and capacitor C31 is not charged or discharged. 50 appreciated, a ring counter is a serial shift register 
The resultant charge on capacitor C31 determines the whose output is fed back into the input, 
actual oscillator frequency of the voltage controlled In this embodiment of the invention, ring counter 62 
oscillator 60. Thus, when the eighteenth clock cycle is includes a flip-flop circuit U48 which is fed by the out- 
slow, capacitor C31 is charged, the voltage at the input put of the voltage controlled oscillator 60. The output 
to the voltage control oscillator is higher, and the fre- 55 of flip-flop U48 feeds the D input to a flip-flop U49 
quency is increased. When the clock is fast, capacitor which in turn feeds one input of NAND gate U50. 
C31 is discharged, the voltage going into the voltage NAND gate U50 is part of a series of alternating 
controlled oscillator 60 is decreased and the frequency NAND gates U50-464 and NOR gates U66-U80. In 
is decreased. this arrangement, the output of each NAND and NOR 

It should be appreciated that various types of phase 60 gate feeds one of the inputs to the next gate. One input 
comparators may be used. However, in one embodi- of the NAND gates is connected to the Q output of one 
ment according to the present , invention a phase com- of a series of flip-flops U82-U96. Similarly, the inputs to 
parator 58 employs NOR gates U23, U24, U25, U26, the NOR gates are connected to the D inputs of flip- 
U26, U28, U29 and U30 in a flip-flop configuration to flops U98, U82-U94 and also to the Q output of flip- 
produce the slow and fast signals. 65 flops U100-U114. 

Referring again to FIG. 56, the voltage controlled The Q output of each of the flip-flops U82-U114 

oscillator 60 is shown. The voltage controlled oscillator feeds one input to a series of NOR gates U116-U150. 

circuit 60 will respond to the voltage level of the input The other input to each of these NOR gates is fed by the 
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voltage controlled oscillator output signal through in- 
verters U152-U162. In this embodiment, each of the 
flip-flops U82-UU4 are MCI 40 13 flip-flops. 

Analog switches 70 are coupled by conductor 52 to 
the recovered audio signal coming from the envelope 
detector 42. Except for analog switches U21 and U22, 
the output, of each of the above NOR gates feed the 
input gate of one of the corresponding analog switches 
U164 to U196. Each of these analog switches 70 is also 
connected to one of the current drivers 74 with capaci- 
tors C30 to C46 connected between this output and 
ground. Analog switches U22 and U21 respond to chan- 
nels seventeen and eighteen and do not drive electrodes. 
Switch U21 is switched by the eighteenth ring counter 
cycle which is also coupled to the phase comparator 58. 
The output of switch U21 which contains the sync 
pulse, is then sent to the delay network 50 along con- 
ductor pair 69. Similarly, switch U22 is switched by the 
seventeenth ring counter cycle and its output is also sent 
to the delay network along conductor pair 69. Resistor 20 
R66 causes a slight delay (nanoseconds) in the signal to 
ensure that U22 and U21 turn off before the analog 
signal goes away. 

The current drivers 74 receive electrical power from 
the power receiver and AC to DC converter circuit 78 25 
and also from the rest of the receiver circuitry. Each of 
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these current drivers are also coupled to one of the 
electrodes 72. . 

In summary, as a result of the precise control over the 
timing of the audio signals achieved by the above cir- 
cuitry, each analog switch 70 is turned on at the precise 
time the audio signal in the corresponding channel is 
being sent on conductor 52. In this way, only the elec- 
trode coupled to the correct analog switch receives the 
audio signal for the appropriate channel. 

In accordance with the embodiment of the present 
invention, a computer program for the microprocessor 
22 is set forth below in Table I. This program provides 
one set of exemplary computer instructions for optimiz- 
ing the efficiency of the transcutaneous power transmis- 
sion. 

It will be appreciated that the above disclosed em- 
bodiment is well calculated to achieve the aforemen- 
tioned objectives of the present invention. In addition, it 
is evident that those skilled in the art, once given the 
benefit of the foregoing disclosure may now make mod- 
ifications of this specific embodiment described herein 
without departing from the spirit of the present inven- 
tion. Such modifications are to be considered within the 
scope of the present invention, which is limited solely 
by the scope and spirit of the appended claims. 
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MIMSIZ 
PORTA 
DA 

PORTB 
PORTC 
PORTD 
DDR 

TIMER 

TDR 

TCR 

MISC 

EPC 

ADCSR 

ADATA 

RAM 

CNTTSP 

ZROM 

ROM 

ENDROM 

MOR 

MORT 

EOC 

B0 

Bl 

B2 

B3 

MODE 



CONSTS 
CENTER 



Global Equates: 



EQU 
EQU 
SET 
EQU 
EQU 
EQU 
EQU 

EQU 
SET 
EQU 
EQU 
EQU 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

EQU 
EQU 
EQU 
EQU 
EQU 



Memory Address space size 
I/O port locations: 



offset from port base location for 
DDRs 

B-bit timer register 

timer control register 
miscellaneous register 
programming control register (no i 



$1000 

$000 

PORTA 

$001 

$002 

$003 

4 

$008 

TIMER 

$009 

S00A 

SOOB 



SOOE A/D control and status register 

SOOF A/D result register 

$010 start of user RAM 

S07F SP after RSP 

$080 start of base page EPROM 

$100 start of main EPROM 

$F37 last byte of user EPROM 

SF38 Mask Option Register (no user access) 

$80 Option Code Register setup 

Bits of various registers: 

7 end of A/D conversion bit in ADCSR 

0 PORTB BIT 0 

1 PORTB BIT I 

2 PORTB BIT 2 

3 PORTB BIT 3 



DATA 
TEMP 
FLIP 



Global variables on page zero: 
EQU 6 MODE SELECT 

Note: Common PSCT used so that each module shares this. 
"CONSTS** is just a name for this section. . . 
COMM PSCT 

FCB $7F VALUE TO CENTER D TO A CONVERTER 

Note: common dsct used so that each module shares this. 
"DATA" is just a name for this section. . . 



COMM 
RMB 
RMB 

PSCT 



DSCT 
1 
1 



NAM CECRST 
••***•••« CECRST 



TEMPORARY HOLDING REGISTER 
REGISTER TELLS WHICH DIRECTION (INC. 
OR DEC.) 



MULTI-CHANNEL COCHLEAR 
SUBROUTINE 

This routine is the reset and set up for alt 
PORTS. Also it will do a set up routine when 
mode is selected at reset. ••**»*• ***• 
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TABLE I-continued 



18 



9 

10 

11 

12 

13 

14 

15 0000 P 

16 0001 P 

17 0003 P 

18 0005 P 

19 0007 P 



20 0009 P B7 



21 0011 P 
22 









XDEF 


RESET 


ROUTINE FOR RESET 








XREF 


MAIN 


MAIN PROGRAM LOOP 


9B 




RESET 


SEI 




MASK. INTERRUPT 


1C 


OA 




BSET ' 


6.MISC 


MASK INT2 IN MISC. REQ. 


1C 


09 




BSET 


6.TCR 


MASK TIMER INTERRUPT IN TCR 


A6 


FF 




LDA 


0JFF 


LOAD ACCA. WITH ALL VS 


B7 


04 




STA 


PORTA + DDR 


SETTING UP PORTA FOR DATA BUSS 












(OUTPUTS) 


B7 


05 




STA 


PORTB+DDR 


SETTING UP PORTB FOR TEST POINT 












(OUTPUTS) 


3F 


06 - 




CLR 


PORTC+DDR 


SETTING UP PORTC FOR INPUTS ONLY 


C6 


00000 




LDA 


CENTER 


LOAD VALUE OF CENTER FOR D/A 


B7 


00 




STA 


DA 


PUT CENTER VALUE ON DATA BUSS. 


OC 


03 


06 SETUP 


BRSET 


MODE, PRDTD^EAD 


BRANCH IF BIT 6 OF PORTD IS HIGH. 


10 


01 




BSET 


BO^PORTB 


TEST POINT. 


11 


01 




BCLR 


BO,PORTB 


TEST POINT. 


20 


F7 




BRA 


SETUP 


BRANCH BACK TO SETUP 






READ 


CLR 


ADCSR 


CLEAR A/D CONTROL REGISTER. 


3F 


OE 








(STARTS A CONV.) 


12 


01 


LOOP 


BSET 


Bl,PORTB 


TEST POINT 


13 


01 




BCLR 


Bl.PORTB 


TEST POINT 


OF 


OE 


09 


BRCLR 


EOC, ADCSR, LOOP 


WAITING FOR END OF CONVERSION. 


B6 


OF 




LDA 


ADATA 


LOAD ACCA. WITH VALUE OF 












CONVERSION. 


C7 


0000*. 




STA 


TEMP 


TEMPORARY HOLDING REGISTER 


cc 


OOOOx 




JMP 


MAIN 


JUMP TO MAIN PROGRAM LOOP. 








END 







24 0010 P 

25 0012 P 

26 0015 P 

27 0017 P 

28 X19 P 
29 

30 001BP 

31 001D P 

32 001F P 

33 0021 P 

34 0024 P 

35 0026 P 

36 0029 P 
37 

38 
2 

3 
4 
5 
6 



9 
10 
11 
12 

13 OFF8 A 

14 OFFAA 
ISOFFB A 
16 OFFC A 
17 
18 
19 

20 OF38 A 
21 
22 

MICROBENGH 6805 LINKER (IV) 

CECFOO. LDA 

••• ABSOLUTE SEGMENT 



NAM 



CECVEC 



MULTI-CHANNEL 
COCHLEAR VECTOR ROUTINE 



********************* ******* 







XREF 


RESET 


STARTING OF PROGRAM (RESET 










ROUTINE) 






XREF 


INT 


INTERRUPT SERVICE ROUTINE 






XREF 


TINT 


TIMER INTERRUPT SERVICE ROUTINE 






XREF 


SWISRV 


SOFTWARE INTERRUPT SERVICE ROUTINE 


OFF8 




ORG 


MEMSIZ-B 


START ROM AT LOCATION 80 


oooox 


TVEC 


FDB 


TINT 


SAME AS ABOVE 


oooox 


IVEC 


FDB 


INT 


SAME AS ABOVE 


oooox 


SVEC 


FDB 


SWISRV 


SAME AS ABOVE 


oooox 


RVEC 


FDB 


RESET 


SAME AS ABOVE 


0F38 






ORG 


MASK OPTION REGISTER 


80 


MVEC 


FCB 


MOPT 


OPTION CODE REGISTER 








END 





LOAD MAP 



ASCT 


ADDR: 


0000 


SIZE: 


1000 


MODULE: 


••• BASE SEGMENTS ♦♦* 








CSCT 


ADDR: 


. 0010 


SIZE: 


0000 


MODULE: 


DATA 


ADDR: 


. 0010 


SIZE: 


0002 


MODULE: CECRST 


ROM SEGMENTS 










CONSTS 


ADDR: 


0080 


SIZE: 


0001 


MODULE: CECRST 


PSCT 


ADDR: 


0081 


SIZE: 


002C 


MODULE: CECRST 




RESET: 


. 0081 








PSCT 


ADDR: 


0OAD 


SIZE: 


0079 


MODULE: CECMAN 




INT: 


OOFS 


MAIN 


00AD 


SWISRV 0OF4 TINT 00F3 


PSCT 


ADDR: 


0216 


SIZE: 


0000 


MODULE: CECVEC 


TRANSFER ADDRESS = 


0000 








HIGH BASE ADDRESS = 


0000 








HIGH RAM ADDRESS = 


0012 








HIGH ROM ADDRESS - 


0126 









MEMORY = 1000 



Wc claim; 

1. A system for electrically stimulating sensory 
nerves via electrically powered stimulating electrodes, 
the system comprising: 



65 



means for generating a plurality of channels of elec- 
trical information in response to an external stimu- 
lus; 
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means for transmitting said plurality of channels of 
electrical information across a first single wireless 
transcutaneous path, said means for transmitting 
including means for combining said plurality of 
channels of electrical information into a single 5 
wide bandwidth amplitude modulated ("AM") 
signal containing said plurality of channels of elec- 
trical information for transmission across said 
transcutaneous path; 

means for receiving said single wide bandwidth AM 10 
signal containing said plurality of channels of elec- 
trical information transmitted across the single 
transcutaneous path; 

means for recovering from said received wide band- 
width AM signal said plurality of channels of elec- is 

- trical information contained therein; 

means for distributing said recovered plurality of 
channels of electrical information to a plurality of 
stimulating electrodes in a predetermined sequence 
in time; 20 

means for generating a periodically varying narrow 
bandwidth signal distinct from said wide band- 
width AM signal; 

means for transmitting electrical power via the peri- 
odically varying narrow bandwidth signal across a 25 
second single wireless transcutaneous path; 

means for receiving said periodically varying signal 
transmitted across said second transcutaneous path 
to obtain said transmitted electrical power; and 

means for coupling said obtained electrical power to 30 
said means for recovering and said means for dis- 
tributing, whereby said means for recovering and 
said means for distributing can operate without an 
implanted battery. 

2. The system according to claim 1, wherein said 35 
sensory nerves are auditory nerves, said external stimu- 
lus is audible sound, and each of said channels of electri- 
cal information contains audio information derived 
from said audible sound. 

3. The system according to claim 2, wherein the 40 
means for generating includes: 

means for converting said external sound into an 
electrical information signal; 

means for separating said electrical information signal 
into a predetermined number of said channels of 45 
electrical information, each said channel compris- 
ing a predetermined portion of said electrical infor- 
mation signal; and 

means for programmably altering the content of the 
portion of the electrical information signal in each 50 
said channel, said means for programmably altering 
including a digital signal processing means. 

4. The system according to claim 2 wherein said wide 
bandwidth amplitude modulated signal is a double side 
band modulated sine wave signal having a nominal 55 
frequency approximately twice its band width, said 
normal frequency being in the Megahertz range. 

5. The system according to claim 2, where said modu- 
lated signal has a nominal frequency of 10 MHz and a 
bandwidth of about 5 MHz. 60 

6. The system according to claim 1, where said means 
for receiving said wide bandwidth AM signal includes 
means for synchronizing said wide bandwidth AM sig- 
nal with said means for transmitting said plurality of 
channels of electrical information. 65 

7. The system according to claim 1, where said means 
for distributing includes switching means for directing 
respective ones of said recovered plurality of channels 



of electrical information to respective ones of said plu- 
rality of stimulating electrodes at times that are appro- 
priate for each channel of said electrical information 
that is being transmitted, said switching means includ- 
ing a plurality of analog switches, with one such analog 
switch being provided for each channel of electrical 
information. 

8. The system according to claim 1 further including 
means for sensing an amount of power transmitted 
across both single wireless transcutaneous paths and 
means for adjusting the frequency of the periodically 
varying signal in response to the amount of power 
sensed by said means for sensing such that the efficiency 
of the power transmission is optimized. 

9. The system according to claim 1, where said, peri- 
odically varying signal is a sinusoidal signal. 

10. A system for supplying information and electrical 
power to an implanted medical device, the system com- 
prising: 

means for transmitting information to the implanted 
device' over a first wireless transcutaneous path, 
said means for transmitting including means for 
generating a wide bandwidth signal carrying the 
information to be transmitted across said path; 

means, forming part of the implanted device, for 
receiving the transmitted wide bandwidth signal; 

means for generating a periodically varying narrow 
bandwidth signal from an external power source, 
said narrow bandwidth signal having a bandwidth 
of about at least an order of magnitude less than 
said wide bandwidth signal; 

means for transmitting said periodically varying nar- 
row bandwidth signal across a second wireless 
transcutaneous path; 

means for receiving said periodically varying signal 
across the second wireless transcutaneous path; 
and 

means for coupling said electrical power from said 
receiving means to said implanted device, whereby 
said implanted medical device can operate without 
an implanted battery. 

11. The system according to claim 10, further includ- 
ing means for sensing the amount of power transmitted, 
and means for adjusting the frequency of the AC signal 
whereby the efficiency of the power transmission is 
periodically optimized. 

12. The system according to claim 10, where said 
periodically varying signal has a bandwidth in the range 
from about 30 KHz to 50 KHz, and a center frequency 
in the range of about 1 MHz to about 2 MHz. 

13. A method of supplying electrical power to an 
implanted cochlear device, comprising the steps of: 

generating a periodically varying signal of nominal 
frequency from an external self-contained electri- 
cal power source; 

transmitting said periodically varying signal across a 
single wireless transcutaneous path to the im- 
planted cochlear device; 

automatically and substantially continuously sensing 
the amount of electrical power being drawn from 
the electrical power source; 

automatically and substantially continuously adjust- 
ing the frequency of the periodically varying signal 
until a minimum amount of electrical power is 
drawn from the self-contained power source; 

receiving said periodically varying signal across the 
single wireless transcutaneous path; and 
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coupling said received periodically varying signal to 
said implanted device, whereby said implanted 
cochlear device can operated without an implanted 
battery, and the efficiency of the power usage from 
the power source is substantially continuously opti- 
mized. 

14. The method according to claim 13, wherein the 
self-contained electrical power source is a battery, and 
the step of sensing includes detecting the current flow- 
ing from the battery, and the step of adjusting includes 
using a microprocessor to determine the adjustment if 
any to be made to the frequency of the periodically 
varying signal. 

15. A method of providing multi-channel information 
to implanted electrically operated stimulating elec- 
trodes for electrically stimulating sensory nerves, the 
method comprising the steps of: 

generating a plurality of channels of electrical infor- 



10 



15 



ing a predetermined portion of said audio signal using 
said speech processor. 

18. The method according to claim 16, wherein said 
step of distributing includes the successively performed 
substeps of respectively directing each said received 
channel of electrical information to a corresponding 
one of said stimulating electrodes at a distinct interval of 
time that is allocated for each said respective channel of 
said electrical information that is transmitted. 

19. The method according to claim 18, further includ- 
ing the step of modulating the amplitude of said re- 
ceived wide bandwidth signal prior to the distributing 
step. 

20. The method according to claim 18, wherein said 
recovering step includes the substeps of: 

rectifying said wide bandwidth analog signal; and 
synchronizing said received rectified signal with said 
transmitted signal. 

21. A system for electrically stimulating sensory 



mation in response to an external stimulus using a 20 nerves via electrically powered stimulating electrodes, 



speech processor; 

digitizing the electrical information for presentation 
to a microprocessor, 

using the microprocessor to direct the operation of 
the speech processor, 

converting digital information from the microproces- 
sor to a wide bandwidth analog signal including 
clock and synchronization pulses and information 
from said plurality of said channels of electrical 
information, 

transmitting said wide bandwidth analog signal in- 
cluding said clock and synchronization pulses and 
information from said plurality of channels of elec- 
trical information across a single transcutaneous 



25 



30 



35 



40 



receiving said wide bandwidth analog signal trans- 
mitted across the single transcutaneous path; 

recovering from said received wide bandwidth ana- 
log signal said information from said plurality of 
channels of electrical information by among other 
things detecting said synchronization and clock 
pulses in the received analog signal; and 

distributing said plurality of channels of electrical 
information to a plurality of stimulating electrodes 45 
in a predetermined sequence in time. 

16. The method according to claim 15, where said 
sensory nerves are auditory nerves, said external stimu- 
lus is audible sound, and each of said channels of electri- 
cal information contains audio information derived 30 
from said audible sound.. 

17. The method according to claim 16, including the 
steps of converting said external sound into an analog 
electrical signal, and separating said electrical signal 
into a predetermined number of channels each compria- 55 



the system comprising: 
means for generating a plurality of channels of elec- 
trical information in response to an external stimu- 
lus; 

means for transmitting said plurality of channels of 
electrical information across a first single wireless 
transcutaneous path, said means for transmitting 
including means for combining said plurality of 
channels of electrical information into a single am- 
plitude modulated ("AM") signal containing said 
plurality of channels of electrical information for 
transmission across said transcutaneous path; 

means for receiving said single wide bandwidth AM 
signal containing said plurality of channels of elec- 
trical information transmitted across the single 
transcutaneous path; 

means for recovering from said wide bandwidth AM 
signal, said plurality of channels of electrical infor- 
mation contained therein; and 

means for distributing said recovered plurality of 
channels of electrical information to a plurality of 
stimulating electrodes in a predetermined se- 
quence, and wherein 

said single AM signal includes a synchronization 
pulse, and 

said means for decoding further includes means for 
detecting said synchronization pulse as part of re- 
covering said plurality of channels of electrical 
information. 

22. The system according to claim 21, where said 
means for detecting said synchronization pulse includes 
a delay network circuit, a phase comparator circuit, a 
voltage controlled oscillator circuit and a ring counter 
circuit. 



60 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 4,91S,745 

DATED : April 17, 1990 

INVENTOR(S) : Steve Hutchinson 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 

Column 1, Line 21 
should be —sound — . 

Column 1, Line 65 
should be —portions — . 

Column 1, Line 66 

"stimulate" should be —simulate—. 

Colunn 6, Line 53 
should be —directs — . 

Colun-n 7, Line 46 
Ql " should be —Ql and Q2— . 



Signed and Sealed this 
First Day of October, 1991 

Attest: 

HARRY F. MAN BECK. JR. 

Attesting Officer Commissioner <>f Plitctus a/id Trademarks 



"souid" 
"protions" 

"detects" 
"Ql and 
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